1. Introduction {#sec1}
===============

Since 2002, more than 135,000 waterbirds, primarily Lesser scaup (*Aythya affinis*) and American coots (*Fulica americana*), have died in the Midwestern United States from trematodiasis caused by the intestinal trematodes *Cyathocotyle bushiensis*, *Sphaeridiotrema* spp., and *Leyogonimus polyoon* (USGS National Wildlife Health Center, J. Chipault, Unpublished results). The faucet snail (*Bithynia tentaculata*), a non-native species from Europe that serves as host to these trematodes, was first discovered in the Upper Mississippi River in 2002 ([@bib49]). The faucet snail is the only known first intermediate host of these trematodes in the Midwestern United States and also serves as the second host for both *C. bushiensis* and *Sphaeridiotrema* spp. ([@bib28], [@bib13], [@bib22], [@bib37], [@bib30]). Although other snail species have been shown to be susceptible to infection of *Sphaeridiotrema* spp. ([@bib29]), the faucet snail is still thought to be the principal host of the metacercarial stage infectious to waterfowl. Thus large waterfowl die-offs to trematodiasis have been found on waterbodies with faucet snail infestations (USGS National Wildlife Health Center, J. Chipault, unpubl. data), and noticeably large die-offs often provide the first indication that a waterbody is infested with faucet snails. For example, the faucet snail was discovered in Lake Winnibigoshish in north-central Minnesota after a die-off affecting thousands of Lesser scaup and hundreds of American coots in the fall of 2007 (Minnesota Department of Natural Resources, Unpublished results). Since then, waterfowl die-offs seem to have lessened over time, but the factors governing the severity of the die-offs remain unknown. To better understand these dynamics, our goal was to study spatio-temporal patterns in the prevalence and intensity of trematode infections within faucet snail-infested waterbodies in Minnesota.

The life cycle of *C. bushiensis*, *Sphaeridiotrema* spp., and *L. polyoon* is complex and involves two intermediate hosts and a definitive waterfowl host. The life cycle begins with the production of eggs by adult trematodes that are deposited in the gut of an infected waterfowl ([@bib28], [@bib23]). Infected waterfowl defecate parasite eggs ([@bib28], [@bib23]), which hatch after 3--5 weeks depending on water temperature (i.e., the warmer the faster the maturation; [@bib11], [@bib38], [@bib40]). Eggs hatch into miracidia that persist less than 24 h (8.8 h for *C. bushiensis* ([@bib38]) or 14--22 h for *Sphaeridiotrema* spp. ([@bib40])) before entering the first intermediate host, the faucet snail. Inside the faucet snail, they transform into sporocysts or rediae and proliferate asexually to produce large numbers of cercariae for what is thought to be the remainder of the snail\'s life ([@bib17]). These cercariae are shed and exist outside the host briefly before infecting the same snail or another host snail ([@bib9]). They subsequently encyst into metacercariae and remain until the snail is consumed by the definitive waterfowl host or the snail dies ([@bib9]). The trematodes mature into adults in the gut of waterfowl, sexually reproduce, and then the eggs are defecated into the water. In heavy infections, which can be acquired in 24 h, waterfowl die within 3--10 days ([@bib20], [@bib25], [@bib42]). In milder infections, however, waterfowl may recover because the adult trematode life span is short (7--12 days in *C. bushiensis* ([@bib28]), 10--16 days for S*phaeridiotrema* spp. ([@bib2], [@bib42])) and waterfowl can acquire resistance that persists at least two weeks ([@bib24], [@bib25], [@bib20]).

Snails play a key role in transmitting trematode infections by shedding large numbers of cercariae (hundreds to thousands per day, [@bib16]) and hosting metacercariae infective to waterfowl ([@bib9]). The number of snails at a given point in time and space therefore influences the number of potential first and second intermediate hosts, and the distances that must be traversed by miracidia or cercariae to reach hosts ([@bib38], [@bib30]), as well as the availability of snails infective to waterfowl. The abundance of snail hosts where trematode eggs are deposited is expected to be an important predictor of parasite prevalence and intensity in snails, because higher snail abundance should improve trematode success infecting hosts. However, in the summer, the addition of young, uninfected snails to the population reduces parasite prevalence in snails ([@bib39], [@bib46], [@bib18]). The average infection intensity in a sample would be expected to decline temporarily as well, as young snails acquire infections of initially low intensity. Metacercarial abundance has been documented to decline in summer ([@bib39], [@bib18]), and has been attributed to this new cohort of uninfected snails.

The mortality rates of infected and uninfected snails might also influence parasite prevalence and intensity. If infected snails are less able to cope with stress and have higher mortality rates than uninfected snails, prevalence would be expected to decline in the absence of new infections and as a result of stresses such as overwintering and reproduction ([@bib39]). Likewise, if snail mortality rates increase with infection intensity, then snails with more intense infections would be lost from the population faster than those with less intense infections. Differences in overwinter mortality rates were reported in Central Europe ([@bib46]), but were not found in the Midwestern USA ([@bib18]). [@bib46] reported that almost all of the heavily parasitized older females died between May and July. Parasite prevalence and intensity of infection might thus decline in adult snails after the demands of summer reproduction. Consistent with this, [@bib18] reported a reduction in the adult snail population after reproduction, which may result in reduced parasite prevalence and intensity after reproduction, but could not determine whether it occurred through movement or mortality.

Waterfowl are key for distributing trematode infections ([@bib16]) through the defecation of parasite eggs because neither miracidia (from hatched eggs) nor cercariae are able to move very far ([@bib38], [@bib9]). If waterfowl consume infected and uninfected snails indiscriminately, directional impacts of foraging on parasite prevalence or intensity would not be expected. However, waterfowl defecation of parasite eggs should increase both prevalence and intensity of sporocyst and rediae infection in snails, and eventually (i.e., 3--4 months later after eggs hatch and cercariae begin shedding) metacercarial infections would be expected to increase. Furthermore, because warmer water temperatures favor faster maturation of eggs and a high proportion of eggs fail to hatch in cold water in the fall ([@bib38], [@bib40]), the influence of waterfowl defecating eggs would be expected to be greater after spring migration than after fall migration because conditions are better for parasite egg hatching in the spring and summer than in the fall ([@bib18]).

Faucet snail distribution and abundance, waterfowl use, season, and perhaps local environmental conditions (e.g., current, depth) are all likely to influence the spatio-temporal distribution and abundance of trematode infections. Our goal was to evaluate how parasite prevalence and intensity varies spatially and temporally in faucet snail-infested waterbodies of north-central Minnesota, USA, to better understand what might affect the availability of trematodes to waterfowl. The waterbodies we selected include important stopover sites for waterfowl, as well as sites that receive little waterfowl use and where faucet snail abundance and distribution varies ([@bib48]). We examined trematode prevalence and intensity in waterbodies of different sizes and function, including two large lakes, two small lakes, two rivers, and five ponds. We collected data for nine seasons over three years, as part of a larger study that also examined spatio-temporal patterns in faucet snail abundance and distribution ([@bib48]).

We examined the following predictions:P1Prevalence and intensity of trematode infections are positively related to local snail abundance within a waterbody because trematodes are more likely to encounter and infect faucet snail hosts where they are abundant. Water depth is expected to be related to infection intensity and prevalence of snails because of its strong correlation with snail abundance ([@bib48]).P2Prevalence and intensity are greater in the fall after snails and parasites reproduce than in the previous spring (same calendar year). Prevalence and intensity are lower in spring than the previous fall (different calendar years) after overwinter mortality of infected snails occurs.P3Prevalence and intensity of all trematode stages are higher in waterbodies with more waterfowl use. On waterbodies where waterfowl provide a seasonal source of new infections, prevalence will increase over time. Additionally, parasite prevalence and intensity within a waterbody is lower in samples collected farther away from known locations of large scaup groups within a waterbody.

2. Materials and methods {#sec2}
========================

2.1. Study area {#sec2.1}
---------------

Our study area included all the waterbodies within Minnesota that were either known to be infested with faucet snails in 2011 or where new infestations were discovered by the Minnesota Department of Natural Resources (MNDNR) Invasive Species Program ([@bib48]) during the course of our three year study (2011--2013). We sampled Lake Winnibigoshish, Upper and Lower Twin lakes, and the Shell River during spring, summer, and fall in all three years of the study ([Fig. 1](#fig1){ref-type="fig"}; [Table 1](#tbl1){ref-type="table"}). The First and Second Crow Wing lakes, the Crow Wing River, and five ponds located on the White Earth Nation were added to the study later when these infestations were discovered, and then were sampled in all three seasons. An infestation was also discovered at Bowstring Lake in 2012, but we lacked resources to add another large waterbody to the study and sampled near the known location of infestation only. Faucet snails were widely distributed and abundant at Lake Winnibigoshish, the Shell River, and White Earth ponds, and were more localized in their distribution at Upper and Lower Twin lakes, First and Second Crow Wing lakes, and the Crow Wing River ([@bib48]).Fig. 1Map of study area in northcentral Minnesota depicting the study lakes with county boundaries, within the state and USA.Fig. 1Table 1Seasonal faucet snail sampling at the same locations in infested northern Minnesota waterbodies during spring, summer, and fall. Samples collected refers to the number of samples collected across all sampling seasons and years at repeatedly sampled snail points. Prevalence and intensity were estimated at points with ≥40 snails.Table 1LocationYears sampledSeasons sampled (No. visits/yr)[a](#tbl1fna){ref-type="table-fn"}Samples collected, no birds presentPoints sampled under birdsPoints with ≥40 snailsEast Winnibigoshish2011--133 (11--12)6236197West Winnibigoshish2011--133 (13)62828110Upper Twin Lake2011--133 (6--7)19504Lower Twin Lake2011--133 (6--10)347058First Crow Wing LakeFall 2011--20133 (7)21700Second Crow Wing Lake2012--133 (4)9600Crow Wing RiverFall 2011--20133 (5--9)107127White Earth PondsFall 2012--20133 (3)76033Shell River2011--133 (3--6)180059Bowstring LakeSummer 20130 (2--4)[b](#tbl1fnb){ref-type="table-fn"}20362Round Lake20130 (1--6)[b](#tbl1fnb){ref-type="table-fn"}NA391[^2][^3]

2.2. Snail and trematode sampling {#sec2.2}
---------------------------------

Our approach to sampling varied at each waterbody based on the area and whether the waterbody was a lake, river, or small pond ([@bib48]). At Lake Winnibigoshish (22,853 ha), our largest lake, we sampled two index areas because of the size of the lake, one on the southwest side near the mouth of the Mississippi River (hereafter West Winnibigoshish) and one in the northeast, just south of Cut Foot Sioux (hereafter East Winnibigoshish). These two index areas were chosen because they were near boat accesses where faucet snails would likely be introduced and well established, yet they were on opposite sides of the lake. Each index area was 5--6 km along the longest dimension and approximately 2 km in width. We stratified points by depth using a Generalized Random Tessellation Stratified (GRTS) spatially-balanced design for sampling ([@bib54]) based on basin bathymetry, and sampled seven depth increments of 5 feet (152 cm) up to 35 feet (1067 cm). In small lakes (\<500 ha), we sampled points along transects spaced ≥100 m apart that traversed the entire length of the lake, and as a result included a range of depths. In rivers, we sampled points every 500 m along infested segments (as determined by the Invasive Species Program of the MNDNR) up to 10 km. In small ponds ranging in size from 2 to 8 ha, sample locations were separated by ∼100 m and determined in such a way as to maximize the number of sampling points in each pond (diameter 75--320 m). We sampled faucet snails during spring (Apr-May, but late ice-off delayed sampling in 2013 until May-mid Jun), summer (Jul and Aug, and early Sep 2011), and fall (Oct and Nov) at the same locations within lakes, rivers, and ponds in each of three years, or as new infestations of faucet snails were discovered by the Invasive Species Program of the MNDNR ([Table 1](#tbl1){ref-type="table"}), or while we were sampling foods under scaup rafts.

We used a benthic sled to sample snails because of its versatility at a range of depths and substrates. Depth was recorded at each point with the use of a depth finder or by dropping a line demarcated with distance increments of 25 cm. We dragged the sled 1.2 m at each point to quantify snail abundance. For samples possessing 10--49 *B. tentaculata,* we collected additional snails from the same location so that we could determine prevalence and intensity with a sample of approximately 50 snails (R. Cole, USGS National Wildlife Health Center, pers. comm.). These additional snails were excluded from snail abundance estimates.

Snails were stored in the refrigerator until processed. We measured the size of faucet snails along the central axis from the apex with calipers. The proportion of snails that were infected (hereafter prevalence) was determined for all samples with at least 40 faucet snails. Snails were crushed, and the species of trematodes (*C. bushiensis, Sphaeridiotrema* spp., *L. polyoon*) and stages present (sporocysts, rediae, cercariae or metacercariae) were determined with a microscope ([@bib4], [@bib36], [@bib57]). The average number of parasites of a given species and stage within the sample of infected hosts, thus excluding individuals that were not infected, was also calculated (infection intensity) for these same samples.

2.3. Scaup-level data collection {#sec2.3}
--------------------------------

We observed Lesser scaup, Greater scaup (*Aythya marila*), and American coots foraging and resting on our focal waterbodies from shore or from a boat during our sampling visits ([Table 1](#tbl1){ref-type="table"}). The location of rafts of birds was determined with a compass from 2 to 3 observation points and plotted in ArcMap version 10 (Environmental Systems Research Institute, Inc., Redlands, California) in the field. We collected samples with a benthic sled at 100 m intervals along a transect passing through the entire area occupied by the birds. We sampled under as many groups of birds as possible during our site visits, but recognize that other groups of birds might have used these waterbodies but gone unobserved. Additional detail on waterfowl use is provided in [@bib48]. For each of the waypoints for which we could determine parasite prevalence and infection intensity, the distance to scaup groups was determined by calculating the minimum Euclidean distance between a given waypoint and the nearest point sampled under a raft of scaup in either the same season, or up to two seasons prior in that same year. If a waypoint was sampled in the fall of 2011, for example, we calculated the minimum distance between that location and all locations sampled underneath scaup rafts in either the spring, summer, or fall of 2011. We determined minimum distances to scaup groups for Winnibigoshish only, because waterfowl use was more consistent compared to other waterbodies and snails were also widespread there ([@bib48]).

We also collected a small sample of sick or dead Lesser scaup, Greater scaup, and American coot at study lakes and sent them to the National Wildlife Health Center (United States Geological Survey) in Madison, Wisconsin for confirmation of trematodiasis. During 2011--2013, 22 Lesser scaup, 7 Greater scaup, and 5 American coot were submitted from Winnibigoshish. Additionally, Bowstring and Round lakes are known as stopover sites for migrating scaup and trematodiasis has been detected in birds from these locations. We sent 5 sick birds including 3 Lesser scaup, 1 Mallard (*Anas platyrhynchos*), and 1 Ring-necked duck (*Aythya collaris*) from Bowstring Lake for diagnosis as well.

2.4. Data analysis {#sec2.4}
------------------

We modeled parasite prevalence and intensity as a function of faucet snail size (mm), abundance (log), water depth (cm), minimum distance to observed scaup groups, and year. Distance to observed scaup groups was only included in models for Lake Winnibigoshish because observations of waterfowl groups at other waterbodies were too limited to justify inclusion in models. We used generalized estimating equation (GEE) models ([@bib15]) to model parasite prevalence and intensity while accounting for the repeated nature of the data (i.e., each sampling point was repeated up to nine times during the study) ([Table 2](#tbl2){ref-type="table"}), because we were more interested in population responses than point-specific (subject-specific) responses ([@bib12]). We used an exchangeable correlation structure so as not to infer a temporal pattern in the data. We calculated 95% bootstrap confidence intervals to evaluate if the coefficient estimates from the models were different from 0 at the 95% level. Specifically, we followed the nonparametric residual bootstrap approach proposed by [@bib55] and (1) fit a given model to the data, (2) extracted the fitted values and residuals, (3) resampled the residuals with replacement, (4) added up the "new" residuals to the fitted values to reconstruct the response (Y~*new*~), (5) re-ran the model using Y~*new*~ as new bootstrap responses with the original data as covariates, and (6) extracted and stored the coefficient estimates in a matrix. We repeated the procedure described above 1000 times, and looked at the 0.025 and 0.975 quantiles to construct 95% confidence intervals around the estimated coefficient for each of the covariates.Table 2Number (and percentage) of snails infected with rediae, sporocysts and/or cercariae of *Cyathocotyle bushiensis (Cb)* or *Sphaeridotrema* spp. (*Sg*) in samples with enough snails to determine parasite prevalence and intensity of infection (i.e., ≥40 snails) at each waterbody.Table 2Lake*Cb* infection*Sg* infectionTotal number of snails examinedEast Winnibigoshish05 (0.05%)9848West Winnibigoshish16 (0.28%)64 (1.14%)5637Lower Twin01 (0.03%)3040Upper Twin00200Shell River3 (0.10%)18 (0.59%)3034Crow Wing River001339White Earth ponds001626Bowstring5 (5.05%)1 (1.01%)99

We fit the models described above for all waterbodies for which we were able to evaluate parasite prevalence across years and seasons ([Table 1](#tbl1){ref-type="table"}). Thus, our analysis included East Winnibigoshish and West Winnibigoshish, Lower Twin Lake, Shell River, Crow Wing River, and the five White Earth ponds (the latter combined into a single dataset). Note that prevalence could be determined for only 27 sampling points in the Crow Wing River, so results for this waterbody should be considered cautiously.

We used linear models to examine changes in parasite prevalence and intensity overwinter within a waterbody. Specifically, we compared prevalence and intensity of trematode infections in snails between fall 2011 and spring 2012, and also fall 2012 and spring 2013. We did not pair waypoints for this analysis, but rather looked for an overall decrease or increase in prevalence or intensity after the winter season in samples with at least 40 snails.

Additionally, we tested whether parasite prevalence and infection intensity was significantly different between summer and spring, and between fall and summer of any given year using a linear model for each of the 3 years and pairs of the aforementioned, consecutive seasons. We used the first season as a reference (e.g., spring would be used as a reference in the spring vs. summer comparison), and repeated the analysis on 1000 bootstrap samples to calculate 95% bootstrap quantile intervals for the regression coefficients, i.e., following the same approach as outlined above.

All analyses were conducted in R ([@bib45]). We used the geepack package ([@bib58], [@bib59], [@bib21]), specifically the geeglm function ([@bib31], [@bib44]) for fitting GEE models.

3. Results {#sec3}
==========

3.1. Parasite infections in faucet snails {#sec3.1}
-----------------------------------------

We detected *C. bushiensis* and *Sphaeridiotrema* spp. in faucet snails from Lake Winnibigoshish, Lower Twin Lake, the Shell River, the Crow Wing River, Bowstring Lake, and the White Earth ponds. Only *C. bushiensis* was detected at Upper Twin Lake, but few samples (*n* = 4) had enough faucet snails to determine prevalence and intensity ([Table 1](#tbl1){ref-type="table"}). We also detected *L. polyoon* infections in 4 snails from the Shell River, and at East Winnibigoshish, 15 snails were infected with unknown parasite species. Sporocyst and rediae infections were uncommon in all of the waterbodies we sampled (\<2% of snails sampled, except Bowstring, [Table 2](#tbl2){ref-type="table"}), but metacercarial infections were common ([Fig. 2](#fig2){ref-type="fig"}a and b). Thus, we focused on metacercarial prevalence and intensity in our models.Fig. 2Average prevalence of (*a*) *Cyathocotyle bushiensis* (Cb) and (*b*) *Sphaeridiotrema* spp. (Sg) metacercariae in each of the waterbodies studied in northcentral Minnesota during nine seasons in 2011--2013 with 95% confidence intervals.Fig. 2

Prevalence of *C. bushiensis* metacercariae was generally higher than that of *Sphaeridiotrema* spp. within a waterbody ([Fig. 2](#fig2){ref-type="fig"}a and b), but intensity of *Sphaeridiotrema* spp. metacercariae was often higher than *C. bushiensis* and individual snails could have \>500 *Sphaeridiotrema* spp. metacercariae compared to typically \<5 for *C. bushiensis* ([Fig. 3](#fig3){ref-type="fig"}a and b). Across all seasons, prevalence of *C. bushiensis* metacercariae was highest at the Shell River and the White Earth ponds, followed by West Winnibigoshish, East Winnibigoshish, Lower Twin, and Crow Wing River. Prevalence of *Sphaeridiotrema* spp. metacercariae was highest at West Winnibigoshish and then the Shell River, followed by East Winnibigoshish, Lower Twin, the White Earth ponds, and then the Crow Wing River. Intensity patterns among waterbodies were related to prevalence but exhibited more variability among waterbodies ([Fig. 3](#fig3){ref-type="fig"}a and b).Fig. 3Average intensity of (*a*) *Cyathocotyle bushiensis* (Cb) and (*b*) *Sphaeridiotrema* spp. (Sg) metacercariae in each of the waterbodies studied in northcentral Minnesota during nine seasons in 2011--2013 with 95% confidence intervals. Note that waterbody specific y-axis scales are used to highlight differences within a waterbody.Fig. 3

3.2. Spatio-temporal patterns of metacercarial infections in faucet snails {#sec3.2}
--------------------------------------------------------------------------

Metacercarial prevalence ([Fig. 2](#fig2){ref-type="fig"}a and b) and intensity ([Fig. 3](#fig3){ref-type="fig"}a and b) varied among seasons in most waterbodies, but patterns differed within and among waterbodies both spatially and temporally ([Fig. 4](#fig4){ref-type="fig"}a--f). Prevalence of *Sphaeridiotrema* spp. and *C. bushiensis* metacercariae in fall samples was not consistently higher or lower than those collected in spring, but was most frequently greater than summer when significant ([Table 3](#tbl3){ref-type="table"}). At Winnibigoshish, all significant comparisons that included summer, had the lowest prevalence and intensity in summer ([Fig. 2](#fig2){ref-type="fig"}a and b; [Table 3](#tbl3){ref-type="table"}). Pairwise seasonal comparisons suggest that there were no consistent patterns in the prevalence and intensity of metacercarial infections in either parasite species on Winnibigoshish ([Fig. 2](#fig2){ref-type="fig"}a and b), although when detected, intensity was most frequently highest during fall for *C. bushiensis* and during spring for *Sphaeridiotrema* spp. ([Table 3](#tbl3){ref-type="table"}).Fig. 4Models of *Cyathocotyle bushiensis* (Cb) and *Sphaeridiotrema* spp. (Sg) metacercarial prevalence (prev) and intensity (int) in the waterbodies we studied in northern Minnesota during 2011--2013; a) East Winnibigoshish index area, b) West Winnibigoshish index area, c) Lower Twin Lake, d) Crow Wing River, e) White Earth ponds, f) Shell River. Depth_cm is water depth at the sampling location. Dist.scaup is the minimum Euclidean distance between a given waypoint and the nearest point sampled under a raft of scaup in either the same season, or up to two seasons prior in that same year. Log.abund is the log transformed snail abundance at a sampling point. Size.mean is the mean snail size at a sampling point. Year2012 and Year2013 are comparisons between samples collected in 2011 vs 2012 and 2011 vs 2013, respectively.Fig. 4Table 3Statistical seasonal differences (α = 0.05) in linear models of trematode metacercarial stages in faucet snails (*Bithynia tentaculata*) after bootstrapping confidence intervals. Parasite infection metrics were determined for samples collected from Lake Winnibigoshish when containing ≥40 snails. Both prevalence (percent of snails infected) and infection intensity (average number of metacercariae in infected faucet snails) were considered for *Cyathocotyle bushiensis* (Cb) and *Sphaeridiotrema* spp. (Sg). Comparisons were made between spring (SP), summer (SU) and fall (FA) within a calendar year.Table 3WaterbodyCb prevalenceCb intensitySg prevalenceSg intensityE. Winnibigoshish 2011SP \> SU 2012SU \< FASP \< FA\
FA \> SUSU \< FA 2013SP \> FA\
SU \> FAW. Winnibigoshish 2011SP \< FA\
SU \> SPSP \> SU\
FA \> SU 2012SU \< FASU \< FASP \> SU 2013SP \> FA

Metacercarial intensity and prevalence was highest in deep areas of Lake Winnibigoshish for both trematode species ([Fig. 4](#fig4){ref-type="fig"}a--b). Prevalence was also highest near observed scaup groups at the west index area of Lake Winnibigoshish ([Fig. 4](#fig4){ref-type="fig"}a--b) where we observed more birds ([@bib48]). Other waterbodies had too few observations of waterfowl to allow testing the effect of proximity to waterfowl group statistically. Snail abundance did not have strong patterns with metacercarial prevalence and intensity in either trematode species and at any of the waterbodies ([Fig. 4](#fig4){ref-type="fig"}a--f). Prevalence of both parasites was generally higher in samples where snails were larger (significant in 9 of 12 comparisons), but patterns were not as strong for intensity (significant in 5 of 12 comparisons), where sample sizes were lower due to the omission of uninfected samples in intensity estimates, especially where prevalence was low (e.g., Crow Wing River).

Examination of changes in prevalence over the winter indicated that in the cases where differences were significant, prevalence was always lower in spring than fall. This occurred for *C. bushiensis* at East Winnibigoshish during 2012--2013 (F~1,51~ = 11.9, P \< 0.005) and in the White Earth ponds during 2012--2013 (F~1,18~ = 4.8, P \< 0.05). Changes in *Sphaeridiotrema* spp. prevalence occurred overwinter at the Crow Wing River during 2012--2013 (F~1,5~ = 29.1, P \< 0.01) and the White Earth ponds during 2012--2013 (F~1,18~ = 5.6, P \< 0.05).

3.3. Waterfowl {#sec3.3}
--------------

Large rafts of scaup (100--9000 birds) were located at Lake Winnibigoshish during our sampling activities in springs 2011, 2012, 2013 and falls 2011 and 2013, especially on the west side where we sampled snails. We observed large rafts of scaup (250--30,000 birds) at Bowstring Lake during springs 2011 and 2012 and falls 2011, 2012, and 2013. Small groups of scaup (\<100) were located in the spring during our sampling on Lower Twin Lake, Crow Wing River, and First Crow Wing Lake, but birds often moved before their precise location could be determined. Large groups (350--800) of coots were observed once at the Twin Lakes and once at Lake Winnibigoshish during the fall of 2013. We sampled 110 points below 33 scaup rafts for faucet snails ([Table 1](#tbl1){ref-type="table"}, see also [@bib48]).

All scaup submitted for confirmation of trematodiasis were infected with *Sphaeridiotrema* spp. and most (i.e., 73% of Lesser scaup and 86% of Greater scaup) were infected with *C. bushiensis*. The average intensity of infection with *C. bushiensis* and *Sphaeridiotrema* spp. (defined similarly as for snails) was 45 (95% bootstrap CI \[16, 83\]) and 6609 (95% bootstrap CI \[4,344, 8926\]) in Lesser scaup and 12 (95% bootstrap CI \[7, 15\]) and 4473 (95% bootstrap CI \[2,579, 6568\]) in Greater scaup, respectively. The coots all tested positive for *C. bushiensis* (mean intensity 32, 95% bootstrap CI \[8, 57\]), negative for *Sphaeridiotrema* spp. and positive for *L. polyoon* (mean intensity 472, 95% CI \[134, 920\]). One American coot was submitted from Upper Twin Lake and died from infection with 100 *C. bushiensis*. The mallard and ring-necked duck tested positive for other parasites, but not *C. bushiensis* or *Sphaeridiotrema* spp.

4. Discussion {#sec4}
=============

Our primary goal was to describe spatio-temporal patterns in trematode prevalence and intensity in faucet snail-infested waterbodies in Minnesota, with the ultimate goal of understanding what limits the availability of trematodes to waterfowl. Our results suggest that seasonal patterns of prevalence and intensity in faucet snails vary among waterbodies of different sizes and types, but also within a waterbody among years and seasons. This explains how disparate results arise from different studies, and it emphasizes the complexity of this system. Birds and snails vary in abundance and distributions over time, contributing to the high spatial and temporal variability in parasites as well. Furthermore, birds move on and off waterbodies, snails move within waterbodies, and early parasite stages can move in a river current or during a strong wind in shallow areas. As a result, generalizing and predicting patterns of trematode infections is quite difficult, yet the more we study these complex dynamics the closer we are to understanding large waterfowl die-offs.

Two patterns were fairly robust among waterbodies and index areas at Lake Winnibigoshish; prevalence and intensity of both trematodes was positively related to average snail size and water depth. Snail size has been demonstrated to be positively related to trematode infection in other studies ([@bib39], [@bib29]) because metacercarial infections persist for the lifetime of the host, and larger, older snails have more time to acquire infections. Infected snails also grow to a larger size, a phenomenon termed gigantism ([@bib50]). Greater surface area of larger snails might also provide a larger target for parasite encounters but this has not been demonstrated ([@bib30]). However, a positive relationship between infection metrics and snail size was expected and is consistent with findings from previous studies.

In contrast, the positive relationship we found between metacercarial prevalence and intensity with depth differs from the negative relationship observed in an intermittent stream in Ontario with negligible current ([@bib30]). These authors attributed the negative relationship observed in sentinel snails to a possible dilution of cercariae in deeper water, or a possible preference for shallow water by snails shedding cercariae ([@bib30]). Yet depths in this sentinel snail study ranged 22--92 cm, which represents a narrow portion of the range of depths we examined (5--1186 cm across the whole study area). We found faucet snails to be more abundant in deep water at Lake Winnibigoshish ([@bib48]) and thus expected that parasite prevalence and intensity would be higher in deeper areas as a result of a higher abundance of snails. Yet, we tested for and found that even after accounting for variability in snail average size and abundance (results not shown) the pattern we observed between parasite infections and depth still held. We suggest that the positive relationship between prevalence and intensity with depth might arise in three ways: 1) from spatial overlap of snails and infected waterfowl resting away from the shoreline in the fall, 2) through the action of wind-generated currents to move parasite eggs, miracidia, and/or shedding cercariae into deeper areas, or 3) through the movement of infected snails into deeper water.

We observed sick waterfowl among large groups of scaup resting away from the shoreline in the fall, presumably to avoid hunters ([@bib53]). Sick and dying waterfowl generally occupy shallow areas when they are no longer able to dive or hold a position on the water in the wind ([@bib47], [@bib25], [@bib42], [@bib19]), but in the fall, hunting pressure along the shoreline may deter use of shallow areas during the day ([@bib53]). Some of the birds we observed off-shore were also unable to dive or fly and remained behind when the rest of the raft took flight. These birds may have been less infected than those near shore, but they nevertheless likely defecated trematode eggs in the deep waters where they were resting. This finding might also suggest that waterfowl hunting could influence the distribution of trematodes on large waterbodies by directly impacting waterfowl use patterns, and displacing egg deposition to areas where waterfowl rest but are unlikely to forage. Scaup indeed prefer to forage at shallower depths ([@bib5], [@bib8], [@bib56], [@bib43]) than those where the most infected snails occurred ([@bib48]). This pattern of prevalence and intensity with depth could persist in other seasons because of the limited movements of faucet snails (2.28 m/day, [@bib35]) relative to the distance of our deepest points from the shore (≤2 km).

Alternatively, or perhaps in conjunction, trematode eggs deposited in shallow areas might be moved by wind-generated currents and gravity, as might miracidia and cercariae which are not capable of moving very far on their own ([@bib30]). The prevailing wind direction at Lake Winnibigoshish was out of the northwest, which would push trematodes east and south of our index areas into deeper areas. However, the patterns we observed could also result from movements of the most infected snails into deeper areas to avoid waterfowl predation or for other reasons ([@bib48]). Infected snails may become unavailable to foraging waterfowl through the use of deep water habitats ([@bib26], [@bib41], [@bib48]), and other areas that are difficult or costly for waterfowl to forage ([@bib32], [@bib33], [@bib1], [@bib10], [@bib34]) such as the underside of rocks ([@bib6], [@bib3]; see review in [@bib7] for predator refugia). Less spatio-temporal overlap between waterfowl and the most infected snails, or reduced accessibility to snails, would reduce the magnitude of waterfowl die-offs.

Waterfowl use varied considerably among years, even within a waterbody. In some years, few birds became sick. When only a small number of waterfowl become infected, few eggs are defecated and provide a limited source of new infections. We found low levels of infections with rediae or sporocysts compared to other studies. Prevalence of *Sphaeridiotrema* spp. rediae and sporocysts in snails in our study was lower, for example, than that reported for Upper Mississippi River (12.3--15.8%; [@bib18]) and Golden Hill Creek in NY (12.3%, [@bib27]). Prevalence of *C. bushiensis* rediae and sporocyst was also lower than reported for the Upper Mississippi River (2.1--2.2%) and more similar to those reported in Québec (0.5%; [@bib13]; 0.05%; [@bib39]). This low level of sporocyst and rediae infection might indicate that the supply of eggs from infected waterfowl limits the life cycle of these parasite stages in the waterbodies we studied. However, snails infected with these early parasite stages shed hundreds to thousands of cercariae each day ([@bib16]), which may result in an exponential increase in the number of metacercarial infections and explain the patterns we observed. Metacercarial infections in Winnibigoshish were high compared to other waterbodies in Minnesota with less waterfowl use and were more comparable to those of other studies, which is consistent with waterfowl dissemination of parasite eggs and subsequent amplification of cercarial stages to produce infections with metacercariae. *C. bushiensis* metacercarial prevalence at an impoundment lake of the Upper Mississippi River was ∼40--90% and 33.3, 60.0, and 6.1% at Golden Hill Creek, Lake Oneida, and the Niagara River in NY in July, respectively ([@bib18], [@bib27]). Similarly, *Sphaeridiotrema* spp. metacercarial prevalence at the impoundment lake of the Upper Mississippi River was 81.2--100% at two sites. Metacercarial infections are thought to persist for the life of the snail (three years; [@bib9]), but without waterfowl, will be lost slowly as infected snails die and are replaced with uninfected snails.

We found no relationship between snail abundance and the intensity of metacercarial infections. We had predicted a positive relationship because a local abundance of snails would provide more possible hosts for trematodes and thus be expected to produce more successful infections (i.e., fewer trematodes would fail to encounter a host). Miracidia and cercariae exist only briefly outside the snail host and are relatively immobile ([@bib38], [@bib9]), so we reasoned that many snails in a small area would increase infection success. Hundreds to thousands of cercariae are shed daily per primary intermediate host ([@bib16]), we therefore did not anticipate that infections would be limited by the number of cercariae, but rather by the proximity to snail hosts. [@bib30] reported that infection rates varied substantially in sentinel snails within meters of each other and that the spatial scale at which trematode stages move in the water was extremely localized. Host-directed orientation by miracidia and cercariae ([@bib14]) may result in snails nearest the source of infective stages receiving the majority of trematodes, with nearby snails remaining uninfected. A higher number of possible hosts in a small area would then produce a smaller proportion of the available hosts becoming infected, but those infected would have more intense infections. However, if localized to this degree, it is unlikely that current or wind-generated movement of trematodes can explain the patterns we observed in relation to water depth.

Within a calendar year, we expected fall to have higher prevalence and intensity, following the reproduction of trematodes and snails in spring and early summer, which would lower prevalence and intensity through the addition of young, uninfected snails. Higher prevalence and intensity in the fall are consistent with parasite transmission, new infections, and asexual reproduction of early parasite stages during warmer months ([@bib51]). Such a pattern has been observed in other studies ([@bib18]). We also observed this, although prevalence and intensity during fall was sometimes lower than that observed during the previous spring, more similar to findings by [@bib39] in Québec, Canada. The lowest prevalence and intensity has been found pretty consistently in summer ([@bib39], [@bib18]), and that was the most common pattern we observed as well. We suggest that the addition of new snails to the population outpaced the addition of new trematode infections in our study, where infections with sporocysts were uncommon like in Québec ([@bib13], [@bib39]). We suggest that in the impoundment lake of the Upper Mississippi River, where sporocyst and rediae infections are more prevalent ([@bib18]), high waterfowl use increases the availability of trematode stages relative to snail abundance.

We compared the change in prevalence and intensity between fall and spring in samples collected from the same waterbody to examine overwinter mortality. Most often, we observed declines in prevalence over winter, with declines occurring during the 2012--2013 time period in numerous waterbodies. This would suggest that declines may be related to overwinter severity, or another factor external to the waterbody itself. Overwinter mortality may be related to winter temperatures or to the length of the winter ([@bib46]). Spring of 2013 was very late in Minnesota, so late that ice-off of lakes occurred after scaup departed and birds could only find open water on rivers with flowing water. The impact of ice cover or water temperature on waterfowl access to infected faucet snails could explain differences between studies by [@bib18] and [@bib46]. Differences in winter severity among years could even produce temporal variation within a waterbody but would be expected to have a correlated effect across waterbodies in the same geographic region. Annual differences in overwinter mortality might also be related to the intensity of infections within snails in a waterbody, with more intense infections producing greater mortality rates than less intense infections under stressful conditions. Yet under low stress conditions, trematode infection might have little impact on snail mortality, and then higher overwinter mortality of smaller snails could produce small increases in prevalence and intensity through loss of smaller, less infected snails. Small snails generally have fewer and less intense trematode infections but also have higher overwinter mortality in general ([@bib46]).

We suggest that the complexity and stochasticity of the system will preclude, at least at this point, the reliable prediction of waterfowl die-offs in these waterbodies. Factors like wind strength and direction, water volume, current or flow, availability of snail refugia from waterfowl, and the number of susceptible waterfowl stopping during migration adds stochasticity to the system. Waterfowl maintain and perpetuate the life cycle of the trematodes we studied in each waterbody. Moreover, the availability of snail hosts does not appear to be limiting in the systems we studied. As long as waterfowl stopover frequently enough (e.g., every few years), the snail population will keep getting inoculated with trematode eggs, and infections will persist in the snail population. The high variability in use of waterbodies by waterfowl in our study creates a fluctuating pattern in trematode prevalence and intensity that does not appear to have a regular periodicity from the sample of waterbodies that we observed.

5. Conclusions {#sec5}
==============

Our study suggests that, in the waterbodies we examined, water depth and distance to waterfowl groups can be important factors related to trematode prevalence and intensity within faucet snail populations. We also provide further evidence that trematode prevalence and infection intensity is higher in samples with larger snails on average, but that trematode infection in the waterbodies we studied was not related to the abundance of snails in a sample. High variability in this host-parasite system necessitates the consideration of various parasite stages, intermediate hosts, and definitive hosts in the same waterbody, as well as consideration of waterbodies of different sizes, types and functions, to fully capture its complexity. Continuing research in this area will complement existing results and broaden our understanding of this system and potential applications to new systems.
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[^1]: Present address: Forest Wildlife Population and Research Group, Minnesota Department of Natural Resources, 1201 East Highway 2, Grand Rapids, MN USA 55744.

[^2]: When no season is specified, sampling occurred in the spring, summer, and fall.

[^3]: We sampled under rafts of scaup in spring 2012 and falls of 2011, 2012 and 2013 at Bowstring and Round lakes but we did not conduct snail sampling at established points.
